ABSTRACT: Surface bound guidance cues and gradients are vital for directing cellular processes during development and repair. In vivo, these cues are often presented within a soft extracellular matrix with elastic moduli E < 10 kPa, but in vitro haptotaxis experiments have been conducted primarily on hard substrates with elastic moduli in the MPa to GPa range. Here, a technique is presented for patterning haptotactic proteins with nanometer resolution on soft substrates with physiological elasticity. A new nanocontact printing process was developed that circumvented the use of plasma activation that was found to alter the mechanical properties of the substrate. A dissolvable poly(vinyl alcohol) film was first patterned by lift-off nanocontact printing, and in turn printed onto the soft substrate, followed by dissolution of the film in water. An array of 100 unique digital nanodot gradients (DNGs), consisting of millions of 200 × 200 nm 2 protein nanodots, was patterned in less than 5 min with with <5% average deviation from the original gradient design. DNGs of netrin-1, a known protein guidance cue, were patterned, and the unpatterned surface was backfilled with a reference surface consisting of 75% polyethylene glycol grafted with polylysine and 25% poly-D-lysine. Haptotaxis of C2C12 myoblasts demonstrated the functionality of the DNGs patterned on soft substrates. In addition, high densities of netrin-1 were observed to induce cell spreading, while live imaging of sinusoidal control gradients highlighted cell migration and navigation by "inching". The nanopatterning technique developed here paves the way for studying haptotactic responses to diverse digital nanodot patterns on surfaces covering the full range of physiological elasticity, and is expected to be applicable to the study of both culture and primary cells, such as neutrophils and neurons.
■ INTRODUCTION
Cellular navigation, migration, and motility are vital requirements for life, whether it be during the development of an organism, or throughout the life cycle, for example, during tissue maintenance and wound healing. This process is regulated by continuous integration of multiple extracellular cues. Surface bound chemical cues regulate cell navigation in neutrophils, myoblasts, and developing neurons through a process known as haptotaxis.
Haptotaxis is defined as directed cell motility or outgrowth mediated by surface bound navigational cues. Early experimental demonstrations of haptotaxis include guided axon projection of retinal axons on surface bound continuous gradients of proteins derived from the optic tectum, 1−3 and directed locomotion of murine myoblasts on laminin carpets. 4 More recently, digital gradients of surface bound cues have been used to study haptotaxis in axon development, using a modified microcontact printing (μCP) process 5 to pattern surfaces with digital spots of substrate bound ephrinA5. 6 A variation of this printing process was used to pattern digital nanodot gradients (DNGs) of surface bound proteins. DNGs are gradients made up of discrete 200 × 200 nm 2 protein dots, spaced according to algorithmically generated density functions that can mimic biological noise by superimposing sinusoidal waves, as well as randomizing the position of individual nanodots. 7 DNGs were previously used to investigate C2C12 myoblast migration on gradients of netrin-1. 8 Netrin-1 is a well documented axon guidance cue; 9 however, it is also present in a variety of systems outside the nervous system. 10 C2C12 myoblasts express the netrin-1 receptor Neogenin, 11 making these cells an attractive model to use for developing netrin-1 gradient assays that may also be applicable to axon turning studies.
A common feature of the above examples of haptotaxis is that most protein gradients were generated on glass or polystyrene surfaces. Both glass and polystyrene have elastic moduli in the GPa range, which is much stiffer than the typical moduli of biological tissues (Figure 1 ). The gradients developed by Baier and Bonhoeffer 2 were generated on capillary pore filters rather than glass, but the elastic modulus of the substrate in these assays was not assessed. In recent years, the importance of the mechanical properties of the cellular microenvironment has been realized, and it has been noted that the elastic modulus of the substrate can have a large impact on a broad range of cellular processes, including cellular motility and migration. 12, 13 For example, the stiffness of compliant hydrogel substrates was found to have an impact on the chemotactic behavior of neutrophils 14 and bacteria. 15 Despite these findings, to date, there have been no reports addressing the effect of cell culture substrate stiffness on cellular haptotaxis.
Soft and tunable substrate stiffnesses have been achieved in vitro using a variety of techniques, such as varying the crosslinker concentration in agarose 16 and polyacrylamide gels, 17, 18 or by tuning formulations of poly(dimethylsiloxane) (PDMS) to different stiffnesses. The stiffness of PDMS substrates may also be tuned by varying cross-linker concentrations, or by mixing commercial formulations of PDMS with different stiffnesses. 19−24 Sylgard 184 and Sylgard 527, stiff and soft formulations of PDMS, respectively, are commonly used for these purposes.
Recently, protein patterning on soft formulations of PDMS has been demonstrated using variants of μCP. Traditional μCP is not compatible with soft substrates because of deformations and surface defects that arise during the process, resulting in poor quality patterns. In addition, μCP involves plasma activation of the final substrate. Exposure of PDMS to long plasma treatments has been shown to alter the mechanical stiffness of PDMS substrates, which is detrimental when the substrate is desired to have a predictable and repeatable stiffness. 25 To enable protein pattern transfer to soft substrates without surface deformations or plasma activation, sacrificial intermediate films have been used, made from poly(vinyl alcohol) (PVA) 26 or dextran. 27 Using these techniques, the highest resolution protein patterns made on soft surfaces to date were 2 μm in size. 26 Here, we present a novel process for large scale patterning of nanometer size features onto soft substrates. In this work, Sylgard 527 was selected as an soft material because it has a very low elastic modulus (<10 kPa 21 ) (close to that of in vivo brain tissue 28−30 ) and because it has previously been used as a soft material for in vitro studies. [22] [23] [24] 26 Our protein patterning technique was used to generate DNGs of surface bound proteins on soft substrates for use in haptotaxis assays. C2C12s were seeded on DNGs of netrin-1 to evaluate the biofunctionality of the patterned gradients.
■ MATERIALS AND METHODS
Preparation of PVA Films and PDMS Stamps and Substrates. Thin films of PVA were made by mixing 1.5 g of PVA powder (SigmaAldrich, Oakville, ON, Canada) with 40 mL of distilled water and dissolving the powder by microwaving the beaker in a 700 W microwave for 2 min at 50% power, with occasional stirring. When the powder was fully dissolved the solution was poured into a large Petri dish and allowed to cool and dry for 1−2 days. Once the film was fully dry, it was cut with a scalpel into small squares and used as necessary for printing on Sylgard 527.
Sylgard 184 (Dow Corning, Corning, NY) was mixed as per the manufacturer's instructions at a 10:1 ratio of base to curing agent, degassed in a vacuum chamber for 30 min, and poured onto a large Petri dish, forming an even layer approximately 0.5 cm thick. This was cured overnight in a 60°C oven (VWR, Montreal, QC, Canada), after which small squares could be cut and used for nanocontact printing.
Soft substrates were fabricated using Sylgard 527 (Ellsworth Adhesives, Germantown, WI), which was mixed as per the manufacturer's instructions at a 1:1 ratio between components A and B. After thorough mixing, 75 μm layers of Sylgard 527 were formed on glass bottom dishes by placing a 200 μL drop in the center of the dish and spin-coating at 500 rpm for 15 s. Alternatively, drops of liquid prepolymer were allowed to spread without spin-coating on pieces of glass slide or glass bottom dishes, resulting in thicker layers that were slightly convex, but which were nonetheless still useable for experiments. The coated glass slides and glass bottom dishes were cured overnight in a 60°C oven (VWR, Montreal, QC, Canada), after which they were soaked in 70% ethanol for over 6 h to extract unpolymerized monomers. Ethanol was removed and the substrates were dried in the 60°C oven to evaporate excess ethanol.
Young's Modulus Measurements. Samples of Sylgard 527 were prepared on glass slides as above. Samples were plasma treated (PlasmaEtch PE-50, PlasmaEtch, Carson City, NV) for up to 60 s, after which an atomic force microscope (AFM) (Asylum Research, Santa Barbara, CA) was used to perform indentation measurements. A custom Matlab code was used to extract the Young's modulus from the measured displacement curves.
Gradient Design and Electron-Beam Lithography. The DNGs used in this work were previously presented in Ongo et al. 7 Briefly, a custom MatLab script was used to generate 100 DNG designs comprising >57 million dots that were subsequently imported into LEdit for assembly into a wafer scale digital design file. E-beam lithography (VB6 UHR EWF, Vistec, Montreal, QC, Canada), followed by reactive-ion etching (System100 ICP380, Plasmalab, Everett, WA) were used to pattern the nanodot gradient arrays on a 4″ silicon wafer, at a depth of 100 nm. The wafer was silanized with perfluorooctyltriethoxysilane (Sigma-Aldrich, Oakville, ON, Canada) using vapor phase deposition.
Gradient Array Replica Molding. The master wafer pattern was recreated using a double replication process, using PDMS (Dow Corning, Corning, NY) and then a UV curable polyurethane (Norland Optical Adhesive 63 (NOA 63), Norland Products, Cranbury, NJ), as described in Ricoult et al. 8 First, PDMS was mixed at a 10:1 ratio of base to curing agent, degassed in a vacuum desiccator, and poured on the wafer in a Petri dish. The PDMS was then cured at 60°C, and was cut and peeled off the wafer. A small volume of NOA was poured over the gradient pattern on the PDMS replica, and cured with 600 W of UV light (Uvitron International Inc., West Springfield, MA) for 30 s. The cured NOA was removed from the PDMS, yielding a replica of the pattern on the silicon wafer, consisting of 200 × 200 nm 2 holes making up a digital gradient array.
Nanocontact Printing. Protein solution was inked onto a flat piece of PDMS about 1 × 1 cm 2 square for about 5 min. The concentration of the inking solution varied−for netrin-1 prints, recombinant netrin-1 (produced and purified as described 31, 32 ) was diluted to 25 μg/mL with the addition of a fluorescent dye at 10 μg/ mL for visualization, while control prints consisted of just the fluorescent dye at 10 μg/mL. All proteins were diluted in phosphate buffered saline solution (PBS). The fluorescent dye used for visualization and controls was goat-antirabbit immunoglobin-G (IgG) conjugated with Alexa-Fluor 546 dye (Invitrogen, Burlington, ON, Canada). The protein solution was spread across the surface of the flat stamp by placing a small coverslip on top of the drop of solution. After incubation, stamps were rinsed briefly with PBS and Milli-Q water before being dried gently under a stream of nitrogen. Plasma activated (PlasmaEtch PE-50, PlasmaEtch, Carson City, NV) NOA replicas of the DNG pattern were brought into contact with the dried stamp, and the stamp was then pressed onto either plasma activated glass, in the case of printing on glass, or onto a thin film of plasma activated PVA, in the case of the printing on Sylgard 527. For printing on Sylgard 527, the PVA film was then inverted and gently contacted with the surface of the Sylgard 527 sample. Both glass and Sylgard 527 samples were hydrated with PBS at this point. After 1−3 min, the PVA film was floating in the PBS and could be removed with tweezers.
Reference Surface. After the print was patterned onto either glass or Sylgard 527, PBS was aspirated with a pipet and replaced with reference surface (RS) solution, consisting of 10 μg/mL poly-D-lysine (PDL, 70-150 kDa, Sigma-Aldrich, Oakville, ON, Canada) and 10 μg/ mL poly-L-lysine (PLL) conjugated with polyethylene glycol (PEG) (PLL(20)-g[3.5]-PEG [2] , Surface Solutions, Dubendorf, Switzerland), mixed at a ratio of 25% to 75% (v/v), respectively. The reference surface was left on the substrate at 4°C for an incubation period of 1 or 3 h before being aspirated, after which the substrate was rinsed with PBS.
Cell Culture and Haptotaxis Assays. C2C12 myoblast cells (ATCC, Manassas, VA) were cultured in 25 cm 2 cell culture plates in media consisting of high glucose DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen, Burlington, ON, Canada). Cells were passaged every 2−3 days into a new flask, and excess cells seeded onto DNGs patterned on Sylgard 527, at a density of 2500 cells/cm 2 . Cells were kept in a cell culture incubator at 37°C with 5% CO 2 for 18 h before imaging.
Cells were fixed in 4% paraformaldehyde with 0.2% (v/v) gluteraldehyde solution (Sigma-Aldrich, Oakville, ON, Canada) for 4 min. Cells were either imaged using bright field optics at this point or stained for fluorescence imaging. Cells to be stained were permeabilized with Triton-X 100 for 4 min, and blocked with horse serum for 1 h. Cells were labeled with phalloidin conjugated to Alexa Fluor 488 (1:250, Invitrogen, Burlington, ON, Canada) and with Hoechst stain (1:10 000, Invitrogen, Burlington, ON, Canada).
Image Quantification and Data Analysis. Images of cells and gradients were overlaid using ImageJ, and the geometric center of each cell was marked using the multipoint tool. The angle and origin of each gradient was also marked, and all of this data exported to a custom MatLab script to normalize the data points onto a single set of axes, representative of a DNG. Cell populations were merged across gradients for each experiment, and variations from an even distribution across gradients were detected using the Student's t test.
■ RESULTS AND DISCUSSION
Brief Plasma Exposure Physically Alters PDMS. In traditional μCP, the final substrate is typically plasma activated to ensure high quality transfer of the protein pattern. The process of plasma activation, however, can significantly alter the surface characteristics of certain materials. It is well-known that lengthy plasma activation of PDMS substrates, such as the Sylgard 527 used in this work, results in the formation of a surface layer of glass that has different mechanical properties from the bulk PDMS substrate. 25, 33 In certain scenarios this surface modification can lead to buckling and topographical alterations. 34−37 We tested whether plasma activation for short exposure times could facilitate protein transfer, but without significantly affecting the substrate properties. Samples of Sylgard 527 were plasma activated for up to 60 s, and the surface stiffness was measured by indentation with an AFM tip (sample deflection curves may be seen in Figure S1 ). Samples were also submerged in PBS to replicate the hydrated environment required for cell culture on these surfaces. Finally, nanocontact printing was used to pattern DNGs on plasma activated Sylgard 527. While the surface of the Sylgard 527 was originally flat and smooth (Figure 2a) , plasma activation for even as little as 10 s gave rise to long cracks across the surface. Buckling of the surface around these cracks did not appear until the samples were hydrated (Figure 2b ). The observed buckling patterns appeared consistent with water induced swelling of the PDMS substrate, buckling the newly formed glass layer on the surface. 37 Increased plasma time resulted in less of these buckling patterns, but more pronounced surface cracks, possibly indicating the formation of a more stiff and uniform glass layer that resists buckling (Figure 2c ). Protein patterning on plasma activated Sylgard 527 resulted in visible cracking of the pattern, due to the breaking and shifting of the glass layer formed during plasma treatment (Figure 2d ).
Using AFM indentation measurements, it was found that increasing lengths of plasma activation increased the Young's modulus of the Sylgard 527, from kPa to MPa range. It should be noted that the measurements made on plasma activated Sylgard 527 were subject to large variations, reflected in the standard deviation values, which we interpret as indicative of a heterogeneous surface. While it may be possible to plasma activate Sylgard 527 and not change the modulus (as in the 10 s case), the increased standard deviation indicates that some areas have hardened, and thus the surface is less uniform. From these experiments, we conclude that even short plasma exposure times can significantly alter the mechanical properties of Sylgard 527. Further, these alterations may vary locally, owing to inhomogeneous plasma in the chamber, and may vary from day to day due to overall plasma power variation. Thus, for experiments that require well-defined mechanical properties of the substrate, plasma activation is inappropriate, as it alters the elastic modulus, and to pattern proteins on these substrates it was necessary to develop a patterning process that circumvents plasma activation. Patterning Digital Nanodot Gradients on Soft Substrates. DNGs were designed as described in Ongo et al. 7 and in Ricoult et al. 8 Briefly, a 10 × 10 array of DNGs was fabricated on a silicon wafer using e-beam lithography, with each gradient being 400 × 400 μm The biggest challenge with printing on soft substrates is that removal of the stamp from the substrate can rip and tear the surface of the substrate. To overcome this challenge, thin films of water-soluble PVA were used as an intermediate medium in a novel printing process. First, a flat PDMS stamp was inked with protein and contacted with a plasma activated NOA template containing the nanopattern (Figure 3a,b) . Undesired protein adsorbed to the NOA template, leaving behind the nanopattern on the PDMS stamp. The stamp was then brought into contact with a plasma activated film of PVA, transferring the nanopattern to the film (Figure 3c,d) . The film of PVA was inverted and contacted with the soft substrate (Figure 3e,f) . As PVA is water-soluble, submersion in PBS for several minutes caused the PVA film to partially dissolve and spontaneously detach from the substrate to float in the solution (Figure 3g,h) . The PVA was then picked up and discarded using tweezers. This process circumvented the need to manually peel the stamp away from the soft surface, and a print could be completed in ∼5 min.
In this process, the protein transfer from the PVA film to the Sylgard 527 is mediated by similar molecular interactions to those seen in humidified microcontact printing (HμCP). 38 In HμCP, protein transfer to low surface energy substrates is facilitated by plasma activation of the stamp, rather than the substrate, and by the addition of water. Water molecules will tend to interact with the higher surface energy of the stamp, forming a thin layer of water between the protein and the stamp and desorbing the protein. In this environment, it is postulated that hydrophobic interactions will promote transfer of the protein to the hydrophobic target substrate, akin to the spontaneous adsorption of protein on hydrophobic surfaces from solution. Thus, in the printing technique demonstrated here, the addition of PBS performs two roles: the detachment of the PVA film from the Sylgard 527 by partially dissolving it, as well as the facilitation of protein transfer to the hydrophobic Sylgard 527.
Using the technique shown in Figure 3 , it was possible to replicate DNGs on Sylgard 527. Images of the printed gradients on glass and Sylgard 527 were overlaid with the original design file for comparison of pattern fidelity and reproducibility ( Figure 4 ). An ordered gradient with a linear density slope of 0.01%/μm was selected for this evaluation. Denoted by the arrows in Figure 4b , pattern skewing is evident on Sylgard 527. This skewing varied between samples, and was manifested in the prints as either a compression or an extension of the pattern. In Figure 4b , the mismatch between the pattern and the CAD design was 0.40 μm over a distance of 8.64 μm, or 4.6%. Quantification of skewing over multiple gradients revealed an average skewing (either extension or compression of the pattern) of 4.25% (n = 115 gradients, 3 prints; SD: 4.0%). We attribute the skewing to the deformation of the soft Sylgard 527 substrate upon manually contacting it with the flexible thin films of PVA during printing. The local deformation of the pattern will also induce a local change in surface density of the gradients, which may be calculated using eq 1.
For an arbitrary square containing a single protein nanodot, the protein surface density is the area of the protein nanodot (A dot ) divided by the area of the square (d i 2 ). Uniaxial extension of the pattern, as seen in Figure 4b , manifests as an increase in d i . Using the previously calculated average skewing of 4.25%, this results in a local protein surface density decrease of 6.1%. Conversely, uniaxial compression decreases d i ; if skewing of 4.25% is assumed, the local protein density increases by 4.4%. In a worst case scenario, if biaxial extension and compression are assumed, these values change to 8.0% and 9.1%, respectively. Prints with large degrees of skewing were discarded, and whereas local skewing was tolerated to within 10%, on average the gradients matched closely with the design.
Reference Surfaces on Sylgard 527. When PDMS is used as a cell culture substrate, cell adhesion can be promoted by coating the substrate with extracellular matrix proteins such as fibronectin or collagen, or with charged molecules such as poly-L-lysine (PLL). 20, 22, 39, 40 For haptotaxis assays, it is critical to tune the "unpatterned" reference surface (RS) to provide a proper context for cells to make a choice between the patterned cue and the RS. 41 We previously introduced a system to systematically vary the RS by coating the unpatterned substrate with a mixture of variable ratios of poly-D-lysine (PDL) and poly(ethylene glycol) grafted to a poly-L-lysine anchor (PEG-g-PLL), which exposes the grafted PEG groups upon adsorption to a surface. 42 PDL is known for its ability to promote cell adhesion, while PEG does not allow for cell adhesion, and thus by mixing the two polymers at various ratios and adsorbing them to a substrate, a range of reference surfaces may be made.
In this work, we tested whether the RS molecules would adsorb on Sylgard 527 as they do on glass substrates.
RS coverage on Sylgard 527 was tested using fluorescently labeled PLL and PEG-g-PLL molecules, under the assumption that the fluorophore does not markedly alter the adsorption properties. No significant differences were observed in the fluorescence levels between Sylgard 527 and glass substrates ( Figure S3a,b) . Plasma activating the substrate for 1 min increased the fluorescence levels on Sylgard 527, consistent with electrostatic interaction between the negatively charged silanol groups on the glassy layer atop the PDMS and the positively charged amine groups of the PLL. Adsorption did not change significantly when incubation times were increased from 1 to 3 h (Figure S3c,d) . For both unmodified and plasma activated Sylgard 527, while there was a large degree of variation in fluorescence levels between samples, the fluorescent coatings were found to be largely uniform across the surface of individual samples, and no sample was found to be uncoated ( Figure S4 ). We concluded that PLL and PEG-g-PLL adsorbed reliably on Sylgard 527 without need for plasma activation.
Haptotaxis Assay on Soft Substrates. The DNGs used in this work were designed for use in a cellular haptotaxis assay (Figure 5a ). For this assay, DNGs of netrin-1 were patterned Figure S2 ). This gradient features an exponential density profile with a dynamic range of 3.35 OM, up to 44.44% surface coverage at the high density end. A superimposed sinusoid introduces local oscillations of 7.5% density coverage with a period of 13.3 μm. The resultant high density bands of protein result in striking lamellopodia outgrowth patterns. (c) Cells accumulate at higher densities of patterned netrin-1. The bottom left corner of the gradient is set as origin, and the x-axis extends up the gradient. The arrow denotes a region where local pattern deformation is visible, possibly due to traction forces on the substrate. (d) Enlargement of inset in (c). Arrows denote areas of the cell lamellopodia aligned with higher density bands of netrin-1. Scale bars are 100 μm in (c) and 50 μm in (d).
on the soft PDMS using the printing technique in Figure 3 , and the surface was then backfilled with a RS. The RS solution for all experiments was comprised of a mixture of 75% PEG-g-PLL and 25% PDL (v/v), diluted to 10 μg/mL.
42 C2C12 myoblast cells were seeded onto the patterned surfaces at a density of 2500 cells/cm 2 , and imaged shortly after seeding and after 18 h of growth in an incubator. The height of printed nanodots was previously measured to be 5 nm, 8 and therefore it is assumed that the topography of the printed protein does not influence cell behavior.
In images of stained cells we observed lamellopodia of the myoblasts aligning with areas of netrin-1 patterned at higher density. This was most evident on the sinusoidal gradients, as multiple alternating bands of high and low density netrin-1 are present underneath a single cell, revealing selective outgrowth on higher netrin-1 densities (Figures 5d and S5, white arrows) . While sinusoidal gradients were originally designed to investigate the interplay between overlapping local and global protein density gradients, 7 they were selected for use in this manuscript because cell response was visually striking on these patterns. Localized pattern distortions were present in some of the fixed samples (Figure 5c , white arrow, and Figure S5 , blue arrow). While these distortions could be artifacts from the fixing process, it may be possible to extract traction forces from live cells patterned on these gradients by tracking the displacement of the nanodots. 43 To quantify the response of C2C12 cells to netrin-1 DNGs, cell positions were recorded on the gradients, and the data for all gradients with increasing density slopes were merged and used for analysis (control squares 21−34 in Figure S2 were excluded). Axes were defined for the gradients such that the density gradient extended in the x-direction, while the ydirection was perpendicular to the gradient profile. Control gradients of IgG (a neutral cue) were patterned and quantified as well. The cells were evenly distributed across the gradients after 18 h on the IgG gradients (Figure 6a) , and at the start of the experiments on the netrin-1 gradients (Figure 6b) , with a population mean at the center of the gradients (x = 200 μm) in each of these respective cases (p = 0.6857, n = 4 experiments; p = 0.9407, n = 3 experiments). Control squares of netrin-1 (i.e., gradients with zero slope) also showed an even distribution of cells after 18 h (data not shown). On the remainder of the netrin-1 gradients, the population mean shifted up the gradient over the course of 18 h (p < 0.001, n = 5 experiments). This shift is indicative of a haptotactic migratory response to the patterned netrin-1 gradients (Figure 6c ). This shift may be seen clearly in box plots of the population distributions along the length of the gradients for each case (Figure 6d ). Cell distribution in the y direction serves as an internal control for each case, as this direction is perpendicular to the direction of the gradient, and cells were found to be evenly distributed in all cases (Figure 6e ). Cumulative distribution charts reveal that 54% of cells are in the lower density half of the gradients on IgG gradients, while on netrin-1 gradients, this value is 49% at the start of the experiment, and reduces to 35% over 18 h (Figure 6f) . A perfectly evenly distributed cell population would have 50% of the cells in the lower half of the gradient, and 50% in the upper half.
It should be noted that some of the cells at the high end of the gradients entered the gradient from surrounding areas, rather than migrating up the gradient. However, this is as likely to happen at the low density region of the gradient, and thus there is a clear preference for the high density areas of patterned netrin-1. To determine quantitative migration parameters, it would be necessary to correct for the arrival of cells from outside of the gradient. This could be done by tracing each cell with live imaging, but is beyond the scope of this work.
C2C12 Phenotypical Changes and Modes of Migration. In addition to the shift in cell population distribution, C2C12 cell phenotypes were observed to change along the gradients of increasing netrin-1 density. Cells near the top of the gradients were larger and less circular, while cells at lower netrin-1 densities were often balled up and retracted ( Figure  7a ). This effect was most prominent on smoother gradients with larger dynamic ranges. To quantify the changes, cell area and circularity were measured on four of the smoothest gradients with the largest dynamic ranges (Figure 7b,c) . It is noteworthy that this phenotypical change did not apply to all cells, as some smaller and more circular cells were present even at high netrin-1 densities, possibly due to cell state and cycle. Increased cell area and cell spreading is indicative of stronger adhesion to the substrate, and suggests that C2C12 cells adhere more strongly to substrates patterned with netrin-1, a result consistent with those of previous publications. 44 To observe these phenotypical changes in real time, live imaging experiments were performed with C2C12s on netrin-1 gradients. In these experiments, sinusoidal gradients were imaged because the high density bands of netrin-1 allowed for easy visualization of cells spreading out on higher netrin-1 densities. It was observed that cells migrated more slowly and spread out more when in contact with higher netrin-1 densities (Video S1). This suggests that netrin-1 promotes substrate adhesion for C2C12 cells, thus directing cells toward and "trapping" them on the bands of higher netrin-1 density. Indeed, in the videos cells could be seen moving along bands of netrin-1 and occasionally jumping across bands. Cell motility proceeded according to an "inching" mechanism: 45 cells would stretch out either along the band or across a gap to a new band, after which they would rapidly contract by releasing one extremity, and form a rounded shape at the other extremity (Figure 7d,e) . This results in sporadic movement of the cells, as relatively static periods are interspersed with rapid jumps to new locations. These observations indicate that different gradient patterns may be used to investigate different aspects of cell migration; for example, these sinusoidal gradients allow for visualization of cells jumping between high density bands of netrin-1, which may be used in the future to study the range of sensing by filopodial extensions.
■ CONCLUSIONS
To the best of our knowledge, this work represents the first time that bioactive protein gradients with nanometer sized features have been successfully patterned via lift-off nanocontact printing on soft substrates with stiffnesses < 10 kPa. We demonstrated that even brief exposure to plasma altered the mechanical properties of soft PDMS substrates, and therefore a patterning technique was developed that did not involve plasma activation of the final substrate. DNGs were patterned on PDMS substrates with physiological stiffness and the patterned gradients matched the original design with <5% average skewing. Reference surface proteins were shown to adsorb to soft PDMS substrates as well as on glass substrates, without the need for plasma activation. Patterned DNGs of netrin-1 with a RS of 75% PEG-g-PLL and 25% PDL were shown to promote accumulation of C2C12 cells at higher netrin-1 densities over a period of 18 h. C2C12 cells were also found to become larger and less circular on areas of higher netrin-1 density, indicating that netrin-1 promotes substrate adhesion in C2C12 myoblast cells.
The method developed here to pattern nanodots on soft surfaces will allow studying of cell migration in response to DNGs and other arbitrary patterns on substrates with physiological rigidity, and will allow comparison of the response to patterns on soft and hard substrates. A range of different mechanical properties may be explored by adjusting the crosslinker concentration of Sylgard 527, as well as by exploring other formulations of elastomers and hydrogels. Future live imaging of cell navigation and analysis of individual cell trajectories on soft substrates will allow characterizing haptotaxis, and common migratory proteins may be quantified and localized within migrating cells by transfecting the cells with fluorescent variants of these proteins. 46 Patterned soft substrates will be particularly useful to study the impact of substrate rigidity on the haptotaxis of primary cells, such as the extension of axons in neuronal cells that are known to respond to netrin-1, 47 as well as the migration of immune cells such as neutrophils. 48, 49 The effect that altering substrate stiffness has on initial neuronal outgrowth has been noted in the past, 16, 17, 50 providing further motivation for protein patterning on soft substrates.
In the future, visualizing local deformations in ordered nanodot patterns, as observed here, could offer a new technique for measuring traction forces on soft substrates, based on prior knowledge of the dot placement. Additionally, live imaging of cell migration on DNGs could offer new insights into mechanisms of cellular motility, for example, by observing how gaps between high density protein bands are navigated. 
